Abstract-Several
INTRODUCTION
ALTHOUGH IT has been 20 y since the Chernobyl nuclear accident of 26 April 1986, controversy and uncertainty still exist relative to the extent of death, damage, and long-term effects. To counter such confusion, the International Atomic Energy Agency (IAEA), in cooperation with seven other United Nations' organizations, established the Chernobyl Forum. The Forum's mission was to reach consensus on the environmental consequences and health effects attributable to radiation exposure arising from the accident, as well as to provide advice on environmental remediation, special health care programs, and areas where further research is required. The other United Nations' organizations involved were the Food and Agricultural Organization, the United Nations Development Program, United Nations Environment Program, the United Nations Office for the Coordination of Humanitarian Affairs, the United Nations Scientific Committee on the Effects of Atomic Radiation, the World Health Organization, and the World Bank.
In [2003] [2004] , two groups of experts from 12 countries, including those most affected by the accident (Belarus, Russia, and Ukraine), assembled as the Chernobyl Forum to assess the accident's environmental and human health consequences. A subgroup of the environmental section examined the radiological effects to nonhuman biota. This review presents their synopsis on the radiological effects to wildlife within the 30-km Exclusion Zone. It starts with a brief overview of what was known about the radiological effects on biota prior to the Chernobyl accident. Then the Chernobyl data are highlighted from three perspectives. First, general findings are presented as a function of three distinct time periods in which very different radiological conditions dominated the post-accident environment. Second, general findings of effects are presented from research on major classes of biota for which the most data exist (i.e., plants, soil invertebrates, terrestrial animals, fish). Third, the most recent and somewhat controversial cytogenetic data are summarized. An emphasis is placed on the importance of secondary effects, such as adaptation, and the confounding indirect effects caused by human abandonment of the area. This comprehensive review is important because it encompasses the research of scientists from Belarus, Russia, and Ukraine, as well as many Western countries. The review forms a consensus of international expertise on the environmental radiological effects following the world's worst nuclear accident.
PRE-CHERNOBYL KNOWLEDGE OF RADIATION EFFECTS ON BIOTA
The biological effects of radiation on plants and animals have long been of interest to scientists; in fact, much of the information on human effects evolved from studies on plants and animals. Effects research paralleled the development of nuclear energy and concerns about the possible impacts of increased discharges of radionuclides into the terrestrial and aquatic environments. After the mid-1970's, sufficient information had accrued that several reviews summarized the effects of ionizing radiation on plants and animals (Whicker and Fraley 1974; IAEA 1976 IAEA , 1988 IAEA , 1992 UNSCEAR 1996; Whicker 1997; Whicker and Hinton 1997) .
Some broad generalizations about effects from radiation exposure can be gleaned from the research that has been conducted over the last 100 y. Foremost are the relatively large differences in doses required to cause lethality among various taxonomic groups (Fig. 1) . Considerable variation in response occurs within a taxon due to enhanced radiosensitivity of some species or life stages. Differences in radiosensitivities were also apparent when the doses required to transition from minor to intermediate effects were documented for relatively shortterm exposures. Data are summarized for various plant communities, soil invertebrates and rodents (Fig. 2) .
Within the plant kingdom, trees are generally more sensitive than shrubs, which in turn are more sensitive than herbaceous species. Primitive forms such as lichens, mosses, and liverworts are more resistant than vascular plants. Radiation-resistant plants frequently have molecular and cellular characteristics that enhance their ability to tolerate radiation stress, and differences in plantcommunity response can be explained, in part, by the early work of Sparrow (1961) . He showed that specific nuclear characteristics are associated with high radiosensitivity in plants, but that sensitivity can be modified in time due to seasonal processes [e.g., dormancy, or the onset of growth in spring (Table 1) ]. Scientific reviews (e.g., IAEA 1992) indicated that mammals are the most sensitive organisms and that reproduction is a more sensitive endpoint than mortality. For acute exposures of mammals, mortality generally occurs at doses Ͼ3 Gy while reproduction is affected at doses Ͻ0.3 Gy. Chronic exposures alter the responses, with mortality occurring at Ͼ0.1 Gy d Ϫ1 and reproduction affected at Ͻ0.01 Gy d Ϫ1 . Among aquatic organisms, fish are the most sensitive, with gametogenesis and Fig. 1 . Acute dose ranges that result in 100% mortality in various taxonomic groups. Humans are among the most sensitive mammals and, therefore, among the most sensitive organisms (Whicker and Schultz 1982) . Fig. 2 . Range of short-term radiation doses (delivered over 5 to 60 d) that produced effects in various plant communities, rodents and soil invertebrates. Minor effects include chromosomal damage, and changes in productivity, reproduction and physiology. Intermediate effects include changes in species composition and diversity through selective mortality. Severe effects (massive mortality) begin at the upper range of intermediate effects (Whicker and Fraley 1974; Whicker 1997 The response of a plant or animal to radiation depends on the dose received, as well as its radiosensitivity. The former is largely determined by its habitat preference in relation to the evolving distribution of radioactive contaminants as a function of time, as well as the organism's propensity to accumulate radionuclides into its organs and tissues. Because of their particular use of the habitat, plants and animals within a contaminated area may receive radiation doses that can be substantially greater than those of humans occupying the same area (e.g., humans gain some shielding from housing and may obtain food and water from less contaminated sources; IAEA 1992).
Although all exposures to ionizing radiations have the potential to damage biological tissue, protraction of a given total absorbed dose in time can, depending on the dose rate, result in a reduction in response due to the intervention of cellular and tissue-repair processes. This has led to the conventional, but somewhat artificial, distinction between the so-called acute and chronic radiation-exposure regimes. In general, an acute radiation exposure is one that usually occurs at a high-dose rate and in a short period of time relative to that within which obvious effects occur. Chronic exposures are taken to be continuous in time, often over a significant portion of an organism's lifespan, or throughout some particular life-stage (e.g., embryonic development), and usually at a sufficiently low-dose rate that the cumulative dose does not produce acute effects.
The earlier reviews noted above were consistent in concluding that it is unlikely that there will be significant detrimental effects:
• to terrestrial and aquatic plant populations, and aquatic animal populations, if the maximally exposed individuals receive chronic dose rates Ͻ10 mGy d Ϫ1 ; or, • to terrestrial animal populations if the maximally exposed individuals receive dose rates Ͻ1 mGy d Ϫ1 .
It should be emphasized, however, that these dose rates were not intended for use as limits to provide protection of the environment; they were simply the dose rates below which the available evidence, admittedly limited in the range of organisms and the biological responses investigated, indicated little likelihood of any significant response. The above dose rates are with reference to population-level effects, not to impacts on individual organisms. Alternative approaches to the "maximally exposed individuals" have been suggested (Wilson and Hinton 2003) .
The more recent reviews of the effects of irradiation on individual organisms, carried out in the framework of two European Community projects, FASSET (Framework for the Assessment of Environmental Impact) and EPIC (Environmental Protection from Ionising Contaminants in the Arctic), have produced broadly consistent conclusions (Woodhead and Zinger 2003; Sazykina et al. 2003; Real et al. 2004) . Although minor effects may be seen at lower dose rates in sensitive cell systems or individuals of sensitive species (e.g., hematological cell counts in mammals, immune response in fish, growth in pines and chromosome aberrations in many organisms), the threshold dose rate for significant effects in most studies is ϳ0.1 mGy h Ϫ1 (2.4 mGy d Ϫ1 ). Detrimental responses then increase progressively with increasing dose rate and usually become clear at Ͼ1 mGy h Ϫ1 (24 mGy d Ϫ1 ) given over a large fraction of the lifespan. The significance of the minor morbidity and cytogenetic effects to the individual, or to populations more generally, seen at dose rates Ͻ2.4 mGy d Ϫ1 , has yet to be determined (Real et al. 2004) .
The recently compiled EPIC database covers a very wide range of radiation dose rates (from below 10 Ϫ5 Gy d Ϫ1 up to more than 1 Gy d Ϫ1 ) to wild flora and fauna observed in northern parts of Russia, including wildlife in the Chernobyl contaminated areas (Sazykina et al. 2003) . The general conclusion from the EPIC database is that the threshold for deterministic radiation effects in wildlife lies somewhere in the range of 0.5-1 mGy d
Ϫ1
for chronic low-linear energy transfer (LET) radiation.
These broad conclusions concerning the impact of radiation on plants and animals provide an appropriate context within which to consider the available information on the effects that have been observed from the increased radiation exposures following the accident at Chernobyl.
CHERNOBYL DATA

Temporal dynamics of radiation exposure
It is critical to frame any discussion of Chernobyl environmental effects within the specific time period of interest. Effects observed now, nearly 20 y after the accident, are drastically different from those that occurred during the first 20 d. Three distinct phases of radiation exposure have been identified in the area local to the accident (UNSCEAR 1996 On the day of the accident, measured exposure rates in the immediate vicinity of the reactor reached 20 Gy d Ϫ1 . Extreme heterogeneity of dose rates was common, with dose rates declining rapidly in short distances. For example, dose rates decreased by three orders of magnitude from the reactor to the town of Pripyat, just 3 km away (Fig. 3 ). These exposure rates were mainly due to gamma irradiation from deposited radionuclides. However, for surface tissues and small biological targets (e.g., mature needles and growing buds of pine trees) there was a considerable additional dose from the beta radiation of the deposited radionuclides. Taking into account the high-dose rates during the relatively short exposure period from the short-lived radionuclides, this first phase of 20 to 30 d can be generally characterized as an acute exposure regime that had pronounced effects on biota, including mortality to the more sensitive species.
The second phase of radiation exposure extended through the summer and autumn of 1986, during which time the short-lived radionuclides decayed and longerlived radionuclides were transported to different components of the environment by physical, chemical and biological processes. Dominant transportation processes included rain-induced transfer of radionuclides from plant surfaces onto soil, and bioaccumulation through plant tissues. Although the dose rates at the soil surface declined to much Ͻ10% of the initial values due to radioactive decay of the short-lived isotopes, damaging total doses were still accumulated.
Approximately 80% of the total radiation dose accumulated by plants and animals was received within 3 mo of the accident, and over 90% of this was due to beta radiation (UNSCEAR 1996) . This finding agrees with earlier studies on the importance of beta radiation, relative to the gamma component, to the total dose from radioactive fallout (Prister et al. 1982) . Measurements made with thermoluminescent dosimeters on the soil surface at sites within the 30-km Exclusion Zone indicated that the ratio of beta to gamma dose was about 26:1 [i.e., 96% of the total dose was from beta radiation (Krivolutsky et al. 1999) ].
In the third and continuing phase of radiation exposure (commencing about 1 y post-accident) dose rates have been chronic, Ͻ1% of the initial values, and derived mainly from 137 Cs contamination. With time, the decay of the short-lived radionuclides and the migration of much of the remaining 137 Cs into the soil have meant that the contributions to the total radiation exposure from the beta and gamma radiations have tended to become more comparable. The balance does depend, however, on the degree of bioaccumulation of 137 Cs in organisms and the behavior of the organism in relation to the main source of external exposure from the soil. Aside from the spatial 
heterogeneity in dose rate arising from the initial deposition, large variations in the radiation exposure of different organisms occurred at different times due to their habitat niche (e.g., birds in the canopy vs. rodents on the ground). Immigration of animals into the 30-km Exclusion Zone and recruitment of plants and animals from those that are present means that new animals are constantly being introduced into the radioactively contaminated conditions that exist around Chernobyl today. Because exposures are now chronic with greatly reduced dose rates, the effects to biota are reduced by efficient repair processes and adaptive responses. Indirect effects, such as human abandonment of the area, now appear to have a more striking impact on biota within the 30-km Exclusion Zone than do radiological effects.
Radiation-induced effects on major classes of biota
Effects on plants. Doses received by plants from the Chernobyl fallout were influenced by the physical properties of the various radionuclides (i.e., their halflives, radiation emissions, etc.), the physiological stage of the plant species at the time of the accident, and the different species-dependent propensities to take up radionuclides into critical plant tissues. The occurrence of the accident in late April heightened the damaging effects of the fallout because it coincided with the period of accelerated growth and reproduction in plants. The deposition of beta-emitting contamination onto critical plant tissues resulted in their receiving a significantly larger dose than animals living in the same environment (Prister et al. 1982 (Prister et al. , 1991 . Of the absorbed dose to critical parts of trees, 90% was due to beta irradiation from the deposited radionuclides and 10% to gamma irradiation (Arkhipov et al. 1994) . Beta irradiation also dominated the dose to the herbaceous species Arabidopsis, contributing 82-96% (Abramov et al. 2005) . Large, apparent inconsistencies in dose-response observations occurred when the beta-irradiation component was not appropriately accounted for (Grodzinsky et al. 1991) .
Within the 30-km Exclusion Zone of Chernobyl, deposition of total beta activity and associated doses to plants were sufficient (0.7-3.9 GBq m Ϫ2 ) to cause mortality, short-term sterility, and reduction in productivity of some species (Prister et al. 1991) . By August 1986, crops that had been sown prior to the accident began to emerge. Growth and development problems were observed in plants growing in fields with contamination densities of 0.1-2.6 GBq m Ϫ2 , and with estimated dose rates initially received by plants reaching 300 mGy d Ϫ1 . Spot necroses on leaves, withered leaf tips, inhibition of photosynthesis, transpiration and metabolite synthesis, as well as an increased incidence of chromosome aberrations in meristem cells were detected (Shevchenko et al. 1996) . The frequency of various anomalies in winter wheat exceeded 40% in 1986 -1987, with some abnormalities apparent for several years afterwards (Grodzinsky and Gudkov 2001) .
Coniferous trees were already known to be among the more radiosensitive plants, and pine forests 1.5-2 km west of the Chernobyl Nuclear Power Plant (CNPP) received sufficient dose to cause mortality (Tikhomirov and Shcheglov 1994) at dose rates that exceeded 20 Gy d Ϫ1 (UNSCEAR 2000) . The first signs of radiation injury in pine trees in close proximity to the reactor were yellowing and needle death, which appeared within 2-3 wk. During the summer of 1986, the area of radiation damage expanded in the northwest direction up to 5 km; serious damage was observed at a distance of 7 km. In the Exclusion Zone that received 10 -20 Gy, 90% of the trees died by 1997, with the remaining eventually restored. At doses that exceeded 20 Gy the pine plantation perished. This area became known as the "red forest" because of the orange-colored needles. Since 1988, the red forest has undergone a community shift and has been replaced by grasses, shrubs, and young deciduous species of trees more tolerant of radiation than pines.
Mortality rate, reproduction anomalies, stand viability, and re-establishment of pine-tree canopies were dependent on absorbed dose (Kozubov and Taskaev 1990; KalЈchenko and Fedotov 2001; Arkhipov et al. 1994; Tikhomirov and Shcheglov 1994) . In the early period 26 April-1 June 1986, external irradiation accounted for 80% of the dose to trees (KalЈchenko and Fedotov 2001) . Two months after the accident most radionuclides moved to the leaf-litter and then remained in the upper 3-5 cm soil layer for a long period [7 y (KalЈchenko and Fedotov 2001) ]. Acute irradiation of Pinus silvestris at doses of 0.5 Gy caused detectable cytogenetic damage; doses of Ͻ0.1 Gy did not cause any visible damage to the trees. From 0.5-1.0 Gy the trees exhibited stimulatory growth of secondary shoots; from 1-5 Gy, slight damage was observed, characterized by a decrease in annual growth, and morphological alteration of vegetative organ (variable needle length, intense budding at the tips of annual shoots). Such visible effects were manifested for the first 2 y after the accident and then disappeared. Moderate damage was observed at doses of 5-15 Gy and included disturbed growth of meristem tissue, decreased trunk diameter, shortened shoots with intense needle growth (broomlike shots), distorted spatial orientation of needles and shoots, as well as gigantic and dwarfed needles. Seeds from these trees had low germinating capacity. Normal growth was restored within 3 y, and no subsequent change in morphogenesis was observed.
As early as 1987, recovery processes were evident in the surviving tree canopies and young forests were re-established in the same place as the perished trees by replanting via reclamation efforts (Arkhipov et al. 1994) . In 2000, KalЈchenko and Fedotov (2001) examined the health of the forest along the western track at the periphery of the red forest (1.5-2 km from the Chernobyl reactor). They found no mortality, and young pines to be reappearing (dose rates were 0.4 -1 mGy d Ϫ1 ). They considered the genetic load in the damaged pine populations exposed to 15 Gy still high and hindering their natural restoration.
In a herbaceous species, Arabidopsis, the effect per unit dose was lower for high-dose irradiation (i.e., the more contaminated the site, the lower the embryonic lethal frequency per unit dose). The data suggest that low-dose chronic irradiation exerts a greater effect per unit dose as compared with high-dose irradiation; that is, the effectiveness of irradiation decreases with increasing dose. This pattern persisted for each of the 6 y studied, starting in 1987 (Abramov et al. 2005) .
Effects on soil invertebrates. Although between 60 and 90% of the initial fallout was captured by the vegetation (Tikhomirov and Shcheglov 1994) , within weeks to a few months the processes of wash-off by rain and leaf-fall moved the majority of the contamination to the litter and soil layers, where soil and litter invertebrates were exposed to high radiation levels for protracted time periods. The potential for impact on soil invertebrates was particularly large because the timing of the accident coincided with their most radiosensitive life stages: reproduction and molting following their winter dormancy.
Within 2 mo after the accident, the numbers of invertebrates in the litter layer of forests 3 to 7 km from the nuclear reactor were reduced by a factor of 30 (Krivolutsky et al. 1999) , and reproduction was strongly impacted (larvae and nymphs were absent). Doses of ϳ30 Gy (estimated from thermoluminescent dosimeters placed in the soil) had catastrophic effects on the invertebrate community, causing mortality of eggs and early life stages, as well as reproductive failure in adults. Within a year, reproduction of invertebrates in the forest litter resumed, due in part to the migration of invertebrates from less contaminated sites. After 2.5 y, the ratio of young to adult invertebrates in the litter layer, as well as the total mass of invertebrates per unit area, were no different from control sites. However, species diversity remained markedly lower (Krivolutsky et al. 1999) .
The diversity of invertebrate species within the soil facilitates an analysis of community-level effects (i.e., changes in species composition and abundance). For example, only five species of invertebrates were found in 10 soil cores taken from pine stands in July 1986, 3 km from the CNPP, compared to 23 species at a control site 70 km away. The mean density of litter fauna was reduced from 104 individuals per 225 cm 2 core at the control location to 2.2 at the 3-km site. Six species were found in all 10 cores taken from the control site, whereas no one species was found in all 10 cores from the 3-km location (Krivolutsky and Pokarzhevsky 1992) . The number of invertebrate species found in the heavily contaminated sites was only half that of controls in 1993, and complete species diversity did not recover until 1995, almost 10 y after the accident (Krivolutsky et al. 1999) .
The change in species diversity observed within the soil invertebrate communities, presented above, is perhaps the most obvious published example of communitylevel change and subsequent recovery following the Chernobyl accident. At 30 Gy, this effect would not have been predicted from pre-Chernobyl data (Fig. 2) . The death of pine stands close to the Chernobyl reactor and the subsequent establishment of grasslands and deciduous trees are striking visual examples.
Compared with invertebrates within the forest litter layer, those residing in arable soil were not as impacted. A four-fold reduction in earthworm number was found in arable soils, but no catastrophic mortality in any group of soil invertebrates was observed. There was no reduction in soil invertebrates below a 5 cm depth in the soil. Radionuclides had not yet migrated into deeper soil layers, and the overlying soil shielded the invertebrates from beta irradiation, the main contributor (94%) to total dose. The dose to invertebrates in forest litter was threeto ten-fold higher than to those residing in arable soil (Krivolutsky et al. 1999) .
Developmental instability of morphological characters has been documented in several taxons at Chernobyl by measuring the degree of fluctuating asymmetry. Asymmetry has been observed in morphological characteristics of four species of plants, four species of insects, two species of fish, one species of amphibian, one species of bird and three species of mammals from the Chernobyl area (Moller 1992 (Moller , 1998 Medvedev 1996; Zakharov and Krysanov 1996) . For example, the asymmetry of male stag beetles from Chernobyl was significantly greater than that of beetles from control areas, or from museum collections of beetles taken from the Chernobyl area prior to the accident. The asymmetry of mated males was significantly smaller than that of unmated male beetles, suggesting potential impacts on mating success (Moller 2002) .
Effects on terrestrial animals. Four months after the accident, surveys and autopsies of wildlife and of abandoned domestic animals that remained within the 10-km Exclusion Zone of Chernobyl were conducted (Krivolutksy et al. 1999) . Fifty species of birds were identified, including some rare ones; all appeared normal in appearance and behavior. No dead birds were found. Swallows and house sparrows were found to be producing progeny that also appeared normal. Forty-five species of mammals from six orders were observed and no unusual appearances or behaviors were noted.
During the fall of 1986, the number of small rodents on highly contaminated research plots decreased by a factor of 2-10. Estimates of absorbed dose during the first 5 mo after the accident ranged from 12-110 Gy for gamma and 580 -4,500 Gy for beta irradiation. Numbers of animals were recovering by the spring of 1987, mainly due to immigration from less affected areas. In 1986 and 1987, the percentage of pre-implantation deaths in rodents from the highly contaminated areas increased twoto three-fold compared with controls. Resorbtion of embryos also increased markedly in rodents from the impacted areas. However, the number of progeny per female did not differ from controls (Taskaev and Testov 1999) .
Barn swallows at Chernobyl were found to have elevated germline mutation rates of 13-15% expressed phenotypically as partial albinism and in noncoding microsatellite loci (Ellegren et al. 1997 ). Moller and Mousseau (2001) used partial albinism as a phenotypic marker of mutation in barn swallows from Chernobyl. Partial albinism was elevated by a factor of 10, and was related to poor mating success. Camplani et al. (1999) hypothesized that male barn swallows from Chernobyl may use large amounts of carotenoids for free-radical scavenging in response to irradiation, leaving little left for the production of plumage coloration. A loss of fitness in Chernobyl barn swallows has also been attributed to the radiation exposures. The fraction of nonreproducing adults was on average 23% in Chernobyl, compared to close to zero at the control site; clutch size, brood size and hatching success were all reduced in birds from Chernobyl (by 7, 14, and 5%, respectively), and adult survival was 12% lower (Moller et al. 2005a ). Moller et al. (2005a) calculated that the recorded survival and reproductive rates of barn swallows are insufficient to maintain a stable population. Most recently, Moller et al. (2005b) observed a significant increase in abnormal sperm from barn swallows at Chernobyl and a reduced level of antioxidants in blood and liver.
Effects on aquatic organisms. Cooling water for the CNPP was obtained from a 21 km 2 man-made reservoir located southeast of the plant site. The cooling reservoir became heavily contaminated following the accident with over 7 Ϯ 3 ϫ 10 15 Bq of a mixture of radionuclides in the water and sediments (Kryshev 1995) . Aquatic organisms were exposed to external irradiation from radionuclides in water, contaminated bottom sediments, and irradiation from contaminated aquatic plants. Internal irradiation occurred as organisms took up radioactively contaminated food and water or inadvertently consumed contaminated sediments. The resultant doses to aquatic biota over the first 60 d following the accident are depicted in Fig. 4 .
The maximum dose rates for aquatic organisms (excluding fish) were reported in the first 2 wk after the accident, when short-lived radionuclides (primarily 131 I) contributed 60 to 80% of the dose. During the second week, the contribution of short-lived radionuclides to doses of aquatic organisms decreased by a factor of two. Maximum dose rates to fish were delayed due to the time required for their food webs to become contaminated with longer-lived radionuclides (largely 134/137 Cs, 144 Ce/ Pr, 106 Ru/Rh, and 90 Sr/Y). Differences in dose rates among fish species occurred due to their trophic positions. Nonpredatory fish (carp, goldfish, bleak) reached estimated peak dose rates of 3 mGy d Ϫ1 from internal contamination in 1986, followed by significant reductions in 1987. Dose rates in predatory fish (perch), however, increased in 1987 and did not start to decline until 1988 (Kryshev et al. 1992 ). Accumulated doses were greatest for the first generation of fish born in 1986 and 1987. Bottom-dwelling fish (goldfish, silver bream, bream, carp) that received significant irradiation from the bottom sediments attained accumulated total doses of ϳ10 Gy.
In 1990, the reproductive capacity of young silver carp was analyzed (Ryabov 1992) . The fish were in live boxes within the cooling pond at the time of the accident. By 1988, the fish reached sexual maturity. Over the entire post-accident period they received a dose of 7-8 Gy. Biochemical analyses of muscles, liver and gonads indicated no difference from controls. The amount of fertilized spawn was 94%; 11% of the developing spawn were abnormal. Female fertility was 40% higher than the controls, but 8% of the irradiated sires were sterile. The level of fluctuating asymmetry in offspring did not differ from the controls, although the level of cytogenetic damage (22.7%) significantly exceeded controls (5-7%). In contrast, Pechkurenkov (1991) reported that in 1986 -1987 the number of cells with chromosome aberrations in carp, bream flat, and silver carp was within the norm. It is worth noting that the cooling pond was subject not only to radioactive contamination but also to chemical pollution. Recent reviews of chronic effects of ionizing radiation on reproduction in fish, with the Chernobyl data included (Table 2) , have been summarized.
Genetic effects
Early studies. Cytogenetic studies at Chernobyl can crudely be separated into those conducted during the first few years post-accident and those collected during the last decade. The former were characterized by higher dose rates and perhaps fewer confounding variables, whereas the latter can be characterized by chronic exposure to a declining dose rate. Most results from the early studies clearly showed increased mutation burdens in plants and animals. Results from the last decade have been more controversial.
For example, an increased mutation level was apparent in 1987 in the form of various morphological abnormalities observed in plants of Canada flea-bane, common yarrow, and mouse millet. Abnormalities included unusual branching of stems; doubling the number of racemes; abnormal color and size of leaves and flowers; and development of "witch's brooms" in pine trees. Similar effects in the 5-km Exclusion Zone near the reactor also appeared in deciduous trees (leaf gigantism, changes in leaf shapes). Morphological changes were observed at an initial gamma exposure rate of 0.17-0.26 Gy h Ϫ1 . At 0.65-1.30 Gy h Ϫ1 enhancement of vegetative reproduction (heather) and gigantism of some plant species were observed (Tikhomirov et al. 1993; Arkhipov et al. 1994; Kozubov and Taskaev 1994; Tikhomirov and Shcheglov 1994) .
Cytogenetic analysis of cells from the root meristem of winter rye and wheat germ of the 1986 harvest demonstrated a dose dependency in the number of aberrant cells. A significant excess over the control level of aberrations was observed at an absorbed dose of 3.1 Gy, inhibition of mitotic activity occurred at 1.3 Gy, and germination was reduced at 12 Gy (Geraskin et al. 2003) . The analysis of three successive generations of winter rye and wheat on the most contaminated plots revealed that the rate of aberrant cells in the intercalary meristem in the second and third generations were higher than in the first.
From 1986 -1992, mutation dynamics were studied in populations of Arabidopsis within the 30-km Exclusion Zone (Abramov et al. 1992) . On all study plots in the first 2-3 y after the accident, Arabidopsis populations exhibited an increased mutation burden. In later years, the level of lethal mutations declined; nevertheless the mutation rate in 1992 was still four to eight times higher than the spontaneous level. The dose dependence of the Table 2 . Chronic effects of ionizing radiation on reproduction in fish, data from the FASSET database (Copplestone et al. 2003) . mutation rate was best approximated by a power function with a power index of less than one. Zainullin et al. (1992) observed elevated levels of sex-linked recessive lethal mutations in natural Drosophila melanogaster populations living under conditions of increased background radiation due to the Chernobyl accident. The mutation levels were increased in 1986 -1987 in flies inhabiting the more contaminated areas with initial exposure rates Ն200 mR h Ϫ1 . In the subsequent 2 years, mutation frequencies gradually returned to normal.
Studies of adverse genetic effects in wild mice were reported by and Pomerantseva et al. (1997) . These involved mice caught during 1986 -1991 within a 30-km radius of the Chernobyl reactor with different levels of gamma radiation and in 1992-1993 on a site in Bryansk Oblast, Russia. The estimated total doses of gamma and beta radiation varied widely and reached 3-4 Gy mo Ϫ1 in 1986 -1987. One endpoint was dominant lethality, measured by embryo mortality in the offspring of wild male mice mated to unexposed female laboratory mice. The dominant lethality rate was elevated for a period of a few weeks following capture in mice sampled at the most contaminated site. At dose rates of ϳ2 mGy h Ϫ1 , 2 of 122 captured males produced no offspring and were assumed to be sterile. The remainder showed a period of temporary infertility and reduced testes mass, which, however, recovered with time after capture.
The frequencies of reciprocal translocations in mouse spermatocytes were consistent with previous studies. For all collected mice, a dose-rate-dependent incidence of increased reciprocal translocations (scored in spermatocytes at meiotic metaphase I) was observed. The frequency of mice harboring recessive lethal mutations decreased with time post-accident (Pomerantseva et al. 1997) . found that the frequency of reciprocal translocations in mice was relatively low and increased linearly with increasing dose rate; an increase in embryonic mortality and frequency of abnormal sperm heads was also observed.
More recent studies. Several studies have been conducted of the genetic impacts on rodents at Chernobyl during the last decade and results range from virtually no effect (Baker et al. 1999 (Baker et al. , 2001 Matson et al. 2000; Wickliffe et al. 2003a Wickliffe et al. , 2003b to significantly elevated mutation rates and the formation of micronucleated cells (Goncharova and Ryabokon 1995) . Some results are difficult to interpret. For example, bank voles (Clethrionomys glareolus) have been among the most heavily contaminated rodents at Chernobyl (Baker et al. 2001) , with average internal radiocesium levels of 28 kBq g Ϫ1 and dose rate of 20 mGy d Ϫ1 (Baker et al. 2001 ).
Examination of mitochondrial DNA (mtDNA) sequences indicated genetic diversity was elevated in voles from Chernobyl compared to controls. Although this might be attributed to an increased mutation rate in the mtDNA, it is just as likely due to immigration of individuals from surrounding areas into the contaminated environment (Baker et al. 2001) . The researchers were unable to attribute any significant detrimental effects to bank vole populations inhabiting the Chernobyl area, even though contaminant levels are the highest published for any mammal. Age and sex distributions, diversity, abundance, and gross physiological conditions of small mammal populations in the 30-km Exclusion Zone currently appear to be similar to background locations in other parts of Ukraine (Baker et al. 1996; Baker and Chesser 2000; Jackson et al. 2004 ). Analysis of mutations in the natural rodent population exposed to different anthropogenic impacts often yields ambiguous results (BolЈshakov et al. 2003) . For example, mole voles chronically irradiated in Byelorussia at dose rates of up to 0.7 mGy d Ϫ1 had an increased frequency of chromosome aberrations (Goncharova and Ryabokon 1995) , whereas neither cytogenetic nor molecular methods revealed any increase in mutagenesis in the same species living in the 10-km Zone of Chernobyl and receiving 97 mGy d Ϫ1 (Wickliffe et al. 2002) . Variation in the levels of genomic instability in rodents largely depends on specific features of their populationdemographic structure and population cycles, with viral infections and fluctuations of population size having large impacts (BolЈshakov et al. 2003) .
Considerable controversy exists relative to mutation frequencies and positive vs. negative results observed in Chernobyl rodents during recent years (Dubrova 2003; Wickliffe et al. 2003b) . Microtus living within the 30-km Exclusion Zone were estimated to receive 19 -53 mGy d Ϫ1 for over 6 mo, a total dose from chronic exposure of 3.5 to 10 Gy . These doses approach the LD 50/30 for voles (10 Gy; Chesser et al. 2000) . No difference in frequency of chromosomal breaks between exposed and control animals were observed (Baker et al. 1996; Wiggens et al. 2002) . The authors attributed the lack of difference to several possibilities: that the rodents were exposed to chronic irradiation rather than acute; that the rodents had developed a radioresistance; or a lack of sensitivity in their methods (Wiggins et al. 2002) . The low-dose rates currently at Chernobyl did not induce point mutations in mice and the cumulative, chronically absorbed doses did not induce the same genetic effects as acute doses of the same magnitude (Wickliffe et al. 2003a) . DeWoody (1999) did not see a difference in genetic diversity among mice living at Chernobyl compared to controls. Nor did he see evidence of mutations in the p53 gene within rodents from Chernobyl. Wiggens et al. (2002) suggest that the long-term chromosomal effects of the Chernobyl disaster are not as great as has generally been predicted from previous laboratory studies. The magnitude of chromosomal rearrangements in voles exposed to the Chernobyl environment is less than expected based on traditional paradigms. Kovalchuk et al. (2000) , however, did demonstrate an increased frequency of homologous recombination in plants exposed to chronic irradiation at Chernobyl. Likewise, the temporal dynamics of cytogenetic damage is evident in the damaged pine stands. By 1993, in the zones that received up to 5 Gy the level of cytogenetic effect in pines was close to control values (KalЈchenko and Fedotov 2001) . In 1993, cytogentic damage was eight times greater in trees that received 5-15 Gy than in controls. In 1997 and 1998, the number of cells bearing chromosome aberrations decreased in all zones, but was still 2-3 times higher than controls in the 5-15 Gy zone. In the sublethal damage zone, pine trees did not bear seeds for 5-7 y.
Advances in the sophistication and associated technologies of detecting molecular and chromosomal damage have occurred since the early genetic studies at Chernobyl. Such advances have allowed researchers to examine endpoints not previously considered. Most prominent, and controversial, is the mutation frequencies in repeat DNA sequences termed "minisatellite loci," "microsatellite loci" or "expanded simple tandem repeats" (ESTR). These are noncoding, repeat DNA sequences that are distributed throughout the germline and that have a high background (spontaneous) mutation rate. Presently, the function of ESTRs is not known, although this is a matter of much interest and discussion (ICRP 2003; CERRIE 2004) . ESTR mutations have only rarely been associated with recognizable genetic disease (Bridges 2001) .
Laboratory examination of mutations in mouse ESTR loci shows clear evidence of a mutational dose response (Fan et al. 1995; Dubrova et al. 1998) ; whereas, data on elevated levels of ESTR mutations in plants or animals residing in the Chernobyl-affected have been more problematic. In general, quantitative interpretation of the ESTR data is difficult because of conflicting findings, their weak association with genetic disease, dosimetric uncertainties and methodological problems (CERRIE 2004) . Dubrova et al. (1996) concluded that ESTR mutations are initiated by DNA double-strand breaks; however, they calculated that the high frequency of mutations cannot be explained solely by this mechanism. The observed increase in mutation rate would require some 6,000 extra double-strand breaks per gamete. This is such an elevated and unlikely number of breaks that Dubrova et al. (1996) suggested that the increased mutation rate is not caused by ESTR-specific events (i.e., double-strand breaks), but by radiation damage elsewhere in the genome, possible in protein-coding genes that are involved in DNA replication. Data supporting such epigenetic, nontargeted effects are provided by Kovalchuk et al. (2000) . They examined mutation frequencies in wheat grown within contaminated fields of Chernobyl. A sixfold increase in mutation rate over control samples, within a single generation of exposure, was observed in plants that obtained approximately 0.3 Gy of chronic irradiation. The increase in ESTR mutation rates was thought to be due to nontargeted effects of ionizing radiation and attributed to chronic exposures from internal and external irradiation. The low-level exposure should not have caused such an increase in mutations and it is too high to be due to direct targeting of the ESTR loci. The significance of epigenetic effects on genomic instability and ultimately on populations is an area of science that needs much additional research.
Adaptation
Prior to the accident, much of the area around Chernobyl was covered in 30 -40 y old pine stands that, from a successional standpoint, represented mature, stable ecosystems. The high-dose rates from ionizing radiation during the first few weeks following the accident altered the balanced community by killing sensitive individuals, altering reproduction rates, destroying some resources (e.g., pine stands), making other resources more available (e.g., soil water), and opening niches for immigration of new individuals. All these components, and many more, were interwoven in a complex web of action and reaction that altered populations and communities of organisms.
Irradiation is an environmental stress, in many ways similar to other environmental stresses, such as pollution by metals or the destruction caused from forest fires. If such stressors are sufficient, the community organization is changed and generally reverts to an earlier successional state. However, when the stress is subsequently reduced and sufficient time passes, recovery occurs, and the ecosystem again regains stability advancing toward a more mature state.
One of the more interesting questions relative to the Chernobyl accident is: "How do organisms (populations) adapt to chronic radiation exposures?" An increase in variation is one of the main adaptive responses to stress caused from exposure to contaminants, such as radiation (Wurgler and Kramers 1992) . Increased variation in morphogenetic changes has been documented in 96 plant species belonging to 28 families widespread around the Chernobyl reactor site (Kordium and Sidorenko 1997) . A higher cytogenetic variation compared to control values indicates active adaptation. Adaptation is a complex process by which populations of organisms respond to long-term stresses by permanent genetic change (Kovalchuk et al. 2003) .
DNA methylation (the addition of a methyl group to the carbon 5 position of the cytosine ring) is the most common epigenetic DNA modification in plants and is a strategy used to stabilize their genomes (MittelstenScheid et al. 1998) . Kovalchuk et al. (2003) found that genomic DNA of exposed pine tress was considerably hypermethylated at Chernobyl. Such hypermethylation may be viewed as a defense strategy of plants that prevents genome instability and reshuffling of the hereditary material, allowing survival in an extreme environment (Kovalchuk et al. 2003) . According to Kovalchuk et al. (2003) :
"Adaptation could occur based on changes at the DNA level and may include increased mutation rates in essential genes, such that favorable mutations could lead to higher tolerance to radiation. However, such an event would be rare, assuming a germline mutation rate in plants of about 10 Ϫ5 to 10 Ϫ6 per gamete, one expects about 1 mutation in 500,000 plants. Even if all mutations were favorable, it is difficult to imagine that this would lead to sufficient and rapid adaptation of all plants in a population within several years, even though radiation was shown to increase the mutation rate. Mechanisms able to explain such rapid adaptation to chronic radiation exposure are epigenetic changes that control expression of genes and genome stability. Changing of methylation patterns may lead to changes in the expression of various stress-related and housekeeping genes, thus resulting in 'stronger' plants."
Human abandonment
Layered on top of the impacts from the irradiation was the abrupt and drastic change that occurred when humans were removed from the 30-km Exclusion Zone. Pripyat, the town adjacent to the Chernobyl reactor, was abandoned when Ͼ50,000 people were evacuated. Agricultural activity, forestry, hunting, and fishing within the 30-km Exclusion Zone were stopped because of the radioactive contamination of the products. Only activities designed to mitigate the consequences of the accident were carried out, as well as those supporting the living conditions of the cleanup workers.
For some years after the accident, the agricultural fields still yielded domesticated produce, and many animal species, especially rodents and wild boars, consumed the abandoned cereal crops, potatoes and grasses as an additional food source. This advantage, along with the special reserve regulations established in the Exclusion Zone (e.g., a ban on hunting), tended to compensate for the adverse biological effects of radiation, and promoted an increase in the populations of wild animals. Significant population increases of game mammals (wild boar, roe deer, red deer, elk, wolf, fox, hare, beaver, etc.) and bird species (black grouse, duck, etc.) were observed soon after the Chernobyl accident (Gaichenko et al. 1990; Suschenya 1995) .
More than 400 species of vertebrate animals, including 67 ichthyoids, 11 amphibians, 7 reptilians, 251 birds, and 73 mammals, inhabit the territory of the evacuated town of Pripyat and its vicinity; more than fifty of them belong to a list of those protected according to national Ukrainian and European Red Books on Threatened and Endangered Species. The Chernobyl Exclusion Zone has become a breeding area of rare species such as the white-tailed eagle, spotted eagle, eagle owl, crane, and black stork (Gaschak et al. 2002) . In both the Belarusian and Ukrainian parts of the Exclusion Zone, State radioecological reserves have been created with a regime of nature protection (Mycio 2005) .
Since human abandonment of the area, the Pripyat River floodplain, a developed system of artificial drainage channels, now supports about a hundred families of beavers. Recognizing the value of the abandoned land around Chernobyl, 28 endangered Przewalski's wild horses were introduced in 1998. After 6 years, their number doubled (Gaschak et al. 2002) . The wild horse of Asia, Equus przewalski, is the only extant wild horse that, in the purebred state, is not descended from the domestic horse. In the 1960's, the horse became extinct in the wild; but in the early 1990's was reintroduced into several locations in Mongolia and Kazakhstan, as well as Chernobyl, using animals bred in European zoos.
As has been shown many times before, when humans are removed, nature flourishes. This phenomenon exists in U.S. National Parks such as Yellowstone and the Grand Tetons, and at large U.S. Department of Energy sites where the general public has been excluded for over 50 y. Human presence in any environment is a disturbance to the natural biota. Normal activities of farming, hunting, logging, and road building, to name but a few, fragment, pollute, and generally stress the processes and mechanisms of natural environments. The removal of humans alleviates one of the more persistent and ever-growing stresses experienced by natural ecosystems.
The removal of human residents complicates any examination of population-level impacts to wildlife from radiological exposures at Chernobyl. The absence of permanent human residency for 20 y has resulted in a flourishing natural ecosystem around Chernobyl. The 30-km Exclusion Zone has become a wildlife sanctuary; it is one of the more profound ironies of Chernobyl (Mycio 2005) .
CONCLUSION
The environmental response to the Chernobyl accident was a complex interaction of dose, dose rate, time, and the radiosensitivities of the different taxons. During the first year post-accident, radiation levels were sufficiently intense within the 30-km Exclusion Zone to cause mortality among the most radiosensitive species. Those effects propagated up biological organizations such that impacts to some communities were observed. The acute radiobiological effects documented in the Chernobyl area were consistent with radiobiological data obtained in experimental studies prior to the accident.
Twenty years later, radiation levels have dropped to 1% of the original levels due to radionuclide decay and deeper migration of the radionuclides into the soil. Various cytogenetic anomalies attributable to radiation continue to be reported from experimental studies performed on plants and animals within the 30-km Exclusion Zone. However, it is also true that many recent studies have been unable to document any negative effects. Whether the observed cytogenetic anomalies in somatic cells have any detrimental biological significance to populations is still not known. Mousseau et al. (2005) cautioned that it is too early to assess the overall impact of radionuclide exposures on plant and animal populations at Chernobyl because the possible consequences of multigenerational accumulation of genetic defects are not known.
Long-term effects to biota in the Exclusion Zone have been confounded by nature's overriding positive response to human abandonment of the area. Without a permanent human residency for 20 y, the ecosystems around the Chernobyl site are now flourishing in response to the wildlife sanctuary-type environment.
Radiological effects to biota are an important topic of research because some results may be appropriate models for chronic, low-level exposures that humans might experience within the nuclear workforce, or following widespread release of contamination. Additionally, the paradigms for regulating permissible exposure levels to biota are currently being re-evaluated at an international level (ICRP 2003; Bréchignac 2003; Hinton et al. 2004) . One endpoint of concern being considered is damage to DNA; and, yet, insufficient data exist to formulate guidance on acceptable levels of molecular damage relative to effects on the exposed population (Garnier-Laplace et al. 2004 ). The Chernobyl Exclusion Zone provides a unique area for conducting much needed radiological research; in particular, studies on the multigenerational effects of genomic instability, adaptive responses, and epigenetic mechanisms.
